Introduction ! According to the Earth Policy Institute [1] and Food and Agriculture Organization report published in 2011 [2] , European countries contain the largest forest area ahead of all other continents, with one billion hectares corresponding to 25 % of the worldʼs forests. Despite the alarming deforestation rate worldwide, between 1990 and 2010, Europe remained the only region with a net increase in forest area. Waste management in the context of forestry activities thus represents an opportunity for the European economy. Barks from conifers and broadleaved trees represent abundant residues generated by forestry activities. Currently, these barks are mainly recycled as fuel or insulation materials, or in horticulture for weed suppression and moisture retention. However, an increasing number of studies have brought to the forefront the diversity of biologically active compounds that can be extracted from barks and upgraded as input materials in high value-added industrial sectors [3] [4] [5] . Barks constitute the outermost part of trees, directly wrapping the cambium, which is the thin layer containing channels in which sap flows. From a chemical point of view, barks contain a range of secondary metabolites that are biosynthesized to protect the cambium and the inner part of the trunk, which are vital for tree growth and life. These compounds thus represent an interesting source of leads for the production of biologically active pharmaceuticals or cosmetic ingredients. For instance, the alkaloid quinine, firstly isolated from the bark of the Cinchona tree (Rubiaceae) in South America, has played a key role for decades in malaria control worldwide [6] . Still, in the Southern Hemisphere, a range of metabolites isolated from barks of Central African trees has demonstrated interesting antiparasitic properties [7] . In northern regions, placlitaxel, the prototype of the taxane class of chemotherapeutics, was isolated from the bark of Taxus species (Taxaceae) [8] . The pentacyclic triterpene betulin, abundantly found in the outer bark of the birch tree, has been recognized to display a broad spectrum of pharmacological properties, and, particularly, a potential for cancer treatment [9] . Barks from the Walloon Region Forest in Europe have also been reported as promising candidates for the development of anticancer agents [10] . One can also refer to a recent Canadian study that emphasized the Abstract ! Wood residues produced from forestry activities represent an interesting source of biologically active, high value-added secondary metabolites. In this study, 30 extracts from 10 barks of deciduous and coniferous tree species were investigated for their potential dermo-cosmetic use. The extracts were obtained from Fagus sylvatica, Quercus robur, Alnus glutinosa, Prunus avium, Acer pseudoplatanus, Fraxinus excelsior, Populus robusta, Larix decidua, Picea abies, and Populus tremula after three successive solid/liquid extractions of the barks with n-heptane, methanol, and methanol/ water. All extracts were evaluated for their radical scavenging capacity, for their elastase, collagenase, and tyrosinase inhibitory activities, as well as for their antibacterial activity against grampositive Staphylococcus aureus. In parallel, the global metabolite profiles of all extracts were established by 1D and 2D NMR and related to their biological activity. The results showed that the methanol extracts of Q. robur, A. glutinosa, L. decidua, and P. abies barks exhibit particularly high activities on most bioassays, suggesting their promising use as active ingredients in the dermocosmetic industry.
In Vitro Dermo-Cosmetic Evaluation of Bark Extracts from Common Temperate Trees cosmeceutical potential of polyphenol extracts of a range of barks [11] . The cosmetics industry is a high value and very dynamic industrial sector in which the development of active ingredients of natural origin is exponentially growing. The development of cosmetic ingredients from tree barks can thus be a very interesting option to increase the competitiveness of forestry residues. In the present study, we investigated a collection of ten barks from common deciduous and coniferous trees growing in temperate forests, including the common beech The objective was to investigate the potential ability of these barks to interfere with skinageing related processes by means of several bioassays. All barks were successively extracted by n-heptane, methanol and methanol/water. The resulting samples were evaluated for their radical scavenging activity using the DPPH (1,1-diphenyl-2-picrylhydrazyl) assay, for their elastase, collagenase, and tyrosinase inhibitory activities using enzymatic assays, and for their antibacterial activity against Staphylococcus aureus, which is the most prevalent pathogen responsible for skin infections in occidental countries [11, 12] . In parallel, the chemical profile of the 30 crude extracts was established by 1D and 2D NMR analyses in an attempt to discuss their global spectral patterns (l " Fig. 1 ) in relation to their biological activities.
Results and Discussion

!
In the present work, a collection of 10 barks from common deciduous and coniferous tree species was successively extracted with n-heptane, methanol, and methanol/water. As revealed by the extraction yields reported in l " Table 1 , the methanol extracts represented the most important quantities recovered from all tree species. The DPPH radical scavenging assay has been commonly used to evaluate the radical scavenging activity of plants and foods [13] . Although this assay involves only a single redox reaction and does not perfectly reflect the overall in vivo reactivity, it remains rapid and reproducible and can give an idea about the antioxidant activity of a sample. In the present work, we observed that the n-heptane bark extracts (E1-1 to E1-10) were poorly active against the DPPH free radical. As indicated in l " Fig. 2 , a very slight scavenging effect was only observed for P. avium (E1-4), A. pseudoplatanus (E1-5), and F. excelsior (E1-6). By contrast, all of the methanol and methanol/water extracts exhibited DPPH radical scavenging effects, except A. pseudoplatanus (E2-5 and E3-5), for which the activity was below 10 % even when tested at 200 µg/mL. Particularly high scavenging activity was observed for the methanol extracts of Q. robur, A. glutinosa, L. decidua, and P. abies (l " Fig. 2) . These results are in accordance with previous studies reporting the antioxidant potential of different parts of Serbian oak species Q. robur and Q. petraea [14] , or barks from P. abies [15] . The DPPH radical scavenging activity of A. glutinosa was also reported in the literature, but studies were focused on extracts obtained from the leaves [16] or on pure compounds isolated from the seeds [17] . In contrast, very little data is available regarding the antioxidant potential of L. decidua bark. Only one study investigated the content of the antioxidants glutathione, ascorbate, and tocopherol, and of the photoprotective pigments of European larch needles [18] . Here, the significant radical scavenging activities of methanol and methanol/water bark extracts were undoubtedly related to their high content in phenolic compounds, which exhibit wellknown antioxidant properties [19, 20] . The 13 C NMR signals corresponding to these structural units can be easily observed in 13 C NMR spectral regions ranging from 100 to 160 ppm. As illustrated on the heat map of l " Fig. 1 , the large majority of signals resulting from the 13 C NMR analyses of non-active n-heptane bark extracts (E1-1 to E1-10) were observed in the region of 20-60 ppm. These signals typically suggest the presence of alkyl groups belonging, for instance, to fatty acids or triterpenes [21] . These signal fingerprints are therefore unrelated to any DPPH radical scavenging activity. By contrast, the large majority of 13 C NMR signals corresponding to the methanol and methanol/water extracts (E2-1 to E2-10 and E3-1 to E3-10, respectively) were detected in the spectral region of 70-80 ppm and 100-160 ppm, typically corresponding to glycosylated polyphenols [21] and directly linked to a significant radical scavenging activity (l " Fig. 2 ).
Collagenases and elastases are matrix metalloproteinases (MMPs) constituting two families of key enzymes involved in the degradation of proteins contained in skin connective tissue.
Collagenases are transmembrane zinc endopeptidases that break the peptide bonds of collagen, the most abundant constituent of the extracellular matrix. Elastases are serine proteases that break elastin fibers and determine, together with collagen, the mechanical properties of the skin including elasticity, strength, tissue remodeling, and wound healing capacity [22] . Under normal physiological conditions, the activity of elastases and collagenases are precisely regulated to ensure skin tissue homeostasis. Under oxidative stress or UV light exposure, these MMPs are overexpressed, resulting in skin disorders such as premature skin aging, inflammation, or, more seriously, degenerative diseases [23] . The search for natural substances able to inhibit elastase and collagenase activities is thus of great interest for the cosmetic and pharmaceutical industries. l " Fig. 3 represents the collagenase and elastase inhibitory activities of the 30 bark extracts. Considering elastase inhibition, it was observed that the activities were highly variable between the tested bark extracts. All n-heptane extracts displayed an elastase inhibitory activity below 50 %, indicating that nonpolar bark metabolites were poorly active. In contrast, methanol extracts, particularly those obtained from F. sylvatica, Q. robur, A. glutinosa, P. avium, L. decidua, and P. abies, exhibited the highest elastase inhibitory activities (l " Fig. 3 ). Regarding the methanol/water extracts, F. sylvatica, Q. robur, P. avium, and L. decidua showed interesting elastase inhibitory activities. Now considering the collagenase inhibition test, it was observed that the methanol bark extracts were globally more active than the n-heptane and methanol/water extracts, even if this tendency was less marked than for the other assays. As shown in l " Fig. 3 , some apolar n-heptane extracts that were absolutely not active against elastase displayed a slight but significant collagenase inhibitory activity, for instance, the n-heptane extract of P. avium. Among methanol extracts, the most potent were Q. robur, L. decidua, and P. abies (l " Fig. 3 ). Interestingly, these three methanol extracts were already among the most efficient for DPPH radical scavenging and elastase inhibition. It was also noted that the methanol/water extracts of Q. robur and L. decidua displayed a strong effect against collagenase. Linking these results to the heat map containing the 13 C NMR signal patterns of the tested extracts (l " Fig. 1 ), here again we can hypothesize that phenolic substances displaying signals in the spectral region of 100-160 ppm were involved in the elastase and collagenase inhibitory effects of the tested bark extracts. However, the variability of activities observed within methanol and methanol/water extracts indicate that further detailed analyses of their chemical profiles would be necessary to better understand structure-activity relationships. To our knowledge, this is the first time that elastase and collagenase inhibitory activities are reported for the European tree species examined in this work. Tyrosinase is a key enzyme in the production of skin pigments in melanocytes. It catalyzes the hydroxylation of L-tyrosine to 3,4dihydroxyphenylalanine (L-DOPA) and the oxidation of L-DOPA to dopaquinone [24] . Both reactions constitute the first rate-limiting steps of the melanin biosynthesis pathway. The mushroom tyrosinase inhibition test is commonly used to study the whitening potential of natural extracts or pure molecules [25] .
Here, the anti-tyrosinase effects of the 30 bark extracts are presented in l " Fig. 4 . The results were highly variable between tree species, and also between extracts for a single species. The methanol extract of Q. robur was the most active sample (l " Fig. 4 ). Tyrosinase inhibitory activities have already been reported for several species of the genus Quercus, for instance, Quercus infectoria G.Olivier [26] or Quercus dentata Thunb. [27] , but never for the species Q. robur. Other methanol and methanol/water extracts such as F. sylvatica or L. decidua displayed significant tyrosinase inhibitory effects at 300 µg/mL, but the inhibitory capacity was significantly decreased when these extracts were tested at 60 µg/mL (around 25 %). It can also be noted that concentration variabilities were observed for some extracts. For instance, P. avium and P. tremula showed an inhibitory activity higher than 40 % when tested at 300 µg/mL, whereas no activity was detected at 100 or 60 µg/mL (l " Fig. 4 ). Even more unexpected, the inhibition percentage of some extracts were negative at specific concentrations. For instance, the tyrosinase inhibitory activities of the n-heptane extract of L. decidua were weakly positive when tested at 300 and 60 µg/mL, but the inhibition value was reversed up to − 25.6 ± 3.1% when tested at 100 µg/mL. Negative inhibition values were also measured, for instance, after testing the methanol extract of A. glutinosa or the methanol/water extract of P. avium (l " Fig. 4 ). These negative inhibition values were difficult to interpret because they were highly variable between samples and did not follow a clear tendency depending on the tested concentrations. We can only suggest that, at specific concentrations that would deserve to be investigated in more details, the extracts just mentioned above could possibly have the potential to enhance tyrosinase activity and, thus, enhance the production of L-DOPA. The antibacterial activities of the 30 bark extracts were screened by bioautography against S. aureus. As illustrated in l " Fig. 5 , the methanol bark extracts were generally more active than the other samples. Bacterial growth was not significantly inhibited in the presence of n-heptane extracts, while all methanol extracts displayed an antibacterial activity, with Q. robur and L. decidua being the most potent. Among the methanol/water extracts, only Q. robur, L. decidua, and P. abies showed an activity, but lower than that observed for the methanol extracts. These results indicate that the methanol extracts have a high efficiency against bacterial growing. Further work would be necessary to isolate and identify the active compounds of these promising crude extracts via bioactivity-guided fractionation. This task also needs to be pursued in order to characterize the active compound mechanisms involved in bacteriostatic or bacteriocidal actions. In view of the results above, we initiated a chemical investigation of the four most active extracts by 1D ( 1 H and 13 C) and 2D (HSQC, HMBC, COSY) NMR to identify the major chemical classes that could potentially be involved in the observed activities. The NMR spectra of Q. robur, A. glutinosa, L. decidua, and P. abies methanol extracts are given in l " Fig. 6 . As already observed on the heat map representation of l " Fig. 1 , the abundant signals detected in the spectral region between 100 and 160 ppm indicated the presence of polyphenolic substances in the four extracts. More precisely, the methanol extract of Q. robur contained a major compound identified by NMR as ellagic acid (l " Fig. 6 a) [28] , several characteristic spectral patterns at 115 ppm and 120 ppm, suggesting the presence of condensed tannins [29] , as well as several minor signals in the sugar region (70-90 ppm) and in the phenolic region (100-160 ppm) that could correspond to glycosylated polyphenols. These data are in accordance with previous studies reporting that besides lignocellulosic compounds, the bark of Q. robur also contains a diversity of polyphenols and, most especially, tannins and phenolic acids [30] . In the methanol extract of A. glutinosa, the major compound was identified by NMR as oregonin (l " Fig. 6 b) [31] . This diarylheptanoid was previously reported in the literature as a common metabolite of the genus Alnus, and was previously detected in the barks of A. glutinosa [32] , Alnus hirsuta (Spach) Rupr. [33] and Alnus japonica (Thunb.) Steud. [34] . In the methanol extract of L. decidua, typical spectral patterns of condensed tannins at 115 ppm and 145 ppm were also detected by NMR (l " Fig. 6 c) , suggesting the presence of proanthocyanidin units [35] . P. abies contained a largely major compound identified as astringin by 1D and 2D NMR analyses [36] , as well as minor phenolic substances and condensed tannins (l " Fig. 6 d) . The structural complexity and diversity of condensed tannins make these compounds difficult to identify using only NMR. Purification and/or combination of several analytical techniques including, for instance, NMR to MALDI-TOF mass spectrometry, would be more suited to facilitate the identification of these compounds [37] [38] [39] .
In summary, metabolites derived from the 10 barks of deciduous and coniferous tree species examined in this study showed promising applications in the production of active dermo-cosmetic ingredients. The methanol extracts of Q. robur, L. decidua, A. glutinosa, and P. abies showed significant radical scavenging capacities, elastase and collagenase inhibitory activities, as well as a growth inhibitory effect against gram-positive S. aureus bac- teria. These activities were undoubtedly related to the presence of phenolic substances in these extracts as revealed by their NMR spectral patterns. A more detailed chemical analysis and replicate multiple collection to cover a biological variability evaluation of these four potent bark extracts will be undertaken in the near future in order to determine precisely which compound(s) is responsible for the observed biological activities. A cytotoxicity evaluation will also be performed on skin explants before further considering a dermatological use of these extracts.
Materials and Methods
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Chemicals and reagents
MeOH and n-heptane were purchased from Carlo Erba Reactifs SDS. DPPH, ascorbic acid, deuterated methanol (methanol-d 4 ), deuterated chloroform (chloroforme-d), gentamicin, and MTT were purchased from Sigma-Aldrich. Deionized water (H 2 O) was used to prepare all aqueous solutions.
Bark collection
The barks of 10 trees (l " Table 1 ) were collected in the forest of Signy lʼAbbaye (barks 1-6) and in the national forest of Sedan (barks 7-10), both located in the Champagne-Ardenne region, northeast of France, in October 2014. For each species, about 2 kg of bark were manually removed from the trunk of a single tree at a height of 2 m two months after being axed down under professional forestry conditions. A voucher specimen of each bark sample has been deposited in the Herbarium of the Botanical laboratory at the faculty of Pharmacy of Reims, as given in l " Table 1 (University of Reims Champagne-Ardenne, Reims, France).
Preparation of the crude bark extracts
All barks were dried at 30°C for 72 h and ground into a fine powder. A part of each powdered bark (200 g) was then extracted successively with n-heptane (E1), methanol (E2), and methanol/ water (50/50, v/v) (E3). Extractions were performed under magnetic stirring for 24 h at room temperature using 3 L of solvent each time. After filtration and solvent elimination under vacuum, the dry residues were weighted. The extraction yields are reported in l " Table 1 .
DPPH radical scavenging activity
The DPPH radical scavenging assay was performed according to a previously described method [40] , with slight modifications. 
where A control is the absorbance of the negative control, A sample is the absorbance after the reaction of samples with DPPH, and A blank is the absorbance of samples with EtOH instead of DPPH.
Elastase inhibitory activity
The porcine pancreatic elastase type IV (PPE), a lyophilized powder at ≥ 4 units/mg protein (EC Number 254-453-6, Sigma-Aldrich), was used for this bioassay. PPE inhibition was tested spectrophotometrically according to a previously described method, with slight modifications [41] , using N-succinyl-Ala-Ala-Ala-pnitroanilide (Sigma-Aldrich, EC Number 257-823-5) as the substrate and monitoring the release of p-nitroaniline. The amount of p-nitroaniline was determined by measuring the absorbance at 405 nm. The reaction mixture initially contained 70 µL Trizma-base buffer (50 mM, pH = 7.5), 10 µL of bark extract (3 mg/ mL in buffer) and 5 µL of elastase (0.4725 U/mL). The resulting solutions were incubated for 15 min at room temperature, avoiding light exposure. Afterwards, 15 µL of 2 mM N-succinyl-Ala-Ala-Ala-p-nitroanilide dissolved in Trizma buffer were added and the mixtures were incubated for 30 min at 37°C. Elastatinal (Sigma-Aldrich), which is a strong irreversible competitive inhibitor of PPE, was used as a positive control (IC 50 = 0.5 µg/mL 
In vitro antibacterial activity against Staphylococcus aureus
The Mueller-Hinton Agar and broth media were purchased from Biokar. S. aureus CIP 53.154 strain was provided by the Institut Pasteur. The antibacterial activity of the 30 bark extracts was determined by an immersion bioautography method [46] . An aliquot of each extract (20 mg) was solubilized in 1 mL of chloroforme (n-heptane extracts from E1-1 to E1-10) or 1 mL of methanol (methanol extracts from E2-1 to E2-10 and methanol/water extracts from E3-1 to E3-10). The resulting solutions were spotted onto three independent Merck 60 F254 precoated silica gel plates (10 × 10 cm). One plate was prepared for the n-heptane extracts, one for the methanol extracts, and one for the methanol/ water extracts. Gentamicin (50 µg) was also spotted on the three plates as a positive control. The TLC plates were directly dried without migration and sterilized. The plates were then covered by Mueller-Hinton (MH) agar medium containing an S. aureus CIP 53.154 suspension (10 5 bacteria/mL) in square petri dishes.
After incubation at 37°C for 24 h, bacterial growth was revealed by a 2-mg/mL solution of MTT and growth inhibition zones were measured manually. White stains indicated where a reduction of MTT to the colored formazan did not take place due to the presence of extracts that inhibited bacterial growth. Solvents were also checked for absence of antibacterial activity.
NMR analyses and heat map visualization
An aliquot of each bark extract (≈ 20 mg) was dissolved in 600 µL of chloroform-d (n-heptane extracts) or methanol-d 4 (methanol and methanol/water extracts) and analyzed by 13 C NMR at 298 K on a Bruker Avance AVIII-600 spectrometer equipped with a TXI cryoprobe. 13 C NMR spectra were acquired at 150.91 MHz. A standard zgpg pulse sequence was used with an acquisition time of 0.9 s and a relaxation delay of 3 s. For each sample, a total of 1024 scans were co-added to obtain a satisfactory signal-tonoise ratio. The spectral width was 240 ppm and the receiver gain was set to the highest possible value. Spectra were then manually phased and baseline corrected using TOPSPIN 3.2 software (Bruker) and calibrated on the central resonance of methanol-d 4 (δ 49.10 ppm). The next step consisted in the binning of all 13 C NMR spectra followed by the visualization of the whole set of signals as a heat map. For this purpose, the absolute intensities of all 13 C NMR signals detected in the 30 spectra were automatically collected and each resulting peak list was stored as a text file. The binning step was performed by a locally developed computer script written in Python language. Its principle was to divide the 13 C spectral width (from 0 to 240 ppm) into regular chemical shift windows (Δδ = 1 ppm), and to associate the absolute intensity of each 13 C peak (and that for all peak lists) to the corresponding bin. The resulting table was imported into PermutMatrix version 1.9.3 software (LIRMM, Montpellier, France) for data visualization as a two-dimensional heat map. Each column of the heat map corresponds to a sample (n = 30) and each row corresponds to a chemical shift window. The absolute peak intensities were normalized between samples. The higher the intensity of 13 C NMR peaks, the brighter the color on the map. The binning workflow and resulting heat map are illustrated in l " Fig. 1 . Additional 2D NMR analyses (HSQC, HMBC, and COSY) were performed on the most active extracts using standard Bruker pulse sequences.
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